The X-linked form of Charcot-Marie-Tooth disease (CMTX) is an inherited peripheral neuropathy that arises in patients with mutations in the gene encoding the gap junction protein connexin 32 (Cx32), which is expressed by Schwann cells. We recently showed that Cx32 containing the CMTX-associated mutation, Ser-85-Cys (S85C), forms functional cell-cell channels in paired Xenopus oocytes. Here, we describe that this mutant connexin also shows increased opening of hemichannels in nonjunctional surface membrane. Open hemichannels may damage the cells through loss of ionic gradients and small metabolites and increased influx of Ca 2؉ , and provide a mechanism by which this and other mutant forms of Cx32 may damage cells in which they are expressed. Evidence for open hemichannels includes: (i) oocytes expressing the Cx32(S85C) mutant show greatly increased conductance at inside positive potentials, significantly larger than in oocytes expressing wildtype Cx32 (Cx32WT); and (ii) the induced currents are similar to those previously described for several other connexin hemichannels, and exhibit slowly developing increases with increasing levels of positivity and reversible reduction when intracellular pH is decreased or extracellular Ca 2؉ concentration is increased. Although increased currents are seen, oocytes expressing Cx32(S85C) have lower levels of the protein in the surface and in total homogenates than do oocytes expressing Cx32WT; thus, under the conditions examined here, hemichannels in the surface membrane formed of the Cx32(S85C) mutant have a higher open probability than hemichannels formed of Cx32WT. This increase in functional hemichannels may damage Schwann cells and ultimately lead to loss of function in peripheral nerves of patients harboring this mutation.
The X-linked form of Charcot-Marie-Tooth disease (CMTX) is an inherited peripheral neuropathy that arises in patients with mutations in the gene encoding the gap junction protein connexin 32 (Cx32), which is expressed by Schwann cells. We recently showed that Cx32 containing the CMTX-associated mutation, Ser-85-Cys (S85C), forms functional cell-cell channels in paired Xenopus oocytes. Here, we describe that this mutant connexin also shows increased opening of hemichannels in nonjunctional surface membrane. Open hemichannels may damage the cells through loss of ionic gradients and small metabolites and increased influx of Ca 2؉ , and provide a mechanism by which this and other mutant forms of Cx32 may damage cells in which they are expressed. Evidence for open hemichannels includes: (i) oocytes expressing the Cx32(S85C) mutant show greatly increased conductance at inside positive potentials, significantly larger than in oocytes expressing wildtype Cx32 (Cx32WT); and (ii) the induced currents are similar to those previously described for several other connexin hemichannels, and exhibit slowly developing increases with increasing levels of positivity and reversible reduction when intracellular pH is decreased or extracellular Ca 2؉ concentration is increased. Although increased currents are seen, oocytes expressing Cx32(S85C) have lower levels of the protein in the surface and in total homogenates than do oocytes expressing Cx32WT; thus, under the conditions examined here, hemichannels in the surface membrane formed of the Cx32(S85C) mutant have a higher open probability than hemichannels formed of Cx32WT. This increase in functional hemichannels may damage Schwann cells and ultimately lead to loss of function in peripheral nerves of patients harboring this mutation.
T he X-linked form of Charcot-Marie-Tooth disease (CMTX) is an inherited peripheral neuropathy that arises in patients with mutations in the gene encoding the gap junction protein connexin 32 (Cx32) (1) . Cx32 is found in myelinating Schwann cells, where it is believed to form channels between adjacent myelin loops at the Schmidt-Lantermann incisures and in the paranodal regions (2) . Cx32 also has recently been demonstrated in primary cultures of Schwann cells (3) . In the myelinating Schwann cell, reflexive gap junctions should shorten the diffusion distance between the Schwann cell nucleus and adaxonal cytoplasm Ϸ350-fold in a 10-m diameter axon (4) . Second messengers such as cAMP, Ca 2ϩ , and IP 3 permeate wild-type Cx32 (Cx32WT) junctions (5, 6) , and normal function of the axon Schwann cell unit may depend on communication through the reflexive pathway.
Several lines of evidence suggest that loss of Cx32 function is sufficient to cause CMTX. First, several CMTX mutations are predicted to lead to either no expression of protein e.g., mutations in the promoter region (7) or very truncated forms of the protein, such as R22STOP (8) . Second, two families with a complete loss of the coding portion of Cx32 have recently been described, and the disease in these cohorts is very similar to that seen in other moderately or severely affected patients (9) (10) (11) . Third, several other mutations lead to either no or very little detectable protein when expressed exogenously (12) . Fourth, many mutants show alterations in their functional properties which would be predicted to lead to a complete or partial loss of coupling (13, 14) .
There is evidence that a (toxic) gain of function model can explain the pathogenesis of CMTX caused by some mutations. First, abnormalities in trafficking of several mutants lead to accumulation of protein in the cytoplasm of transfected mammalian cell lines expressing these proteins (12) . Deschenes et al. (14) suggest that this accumulation, in turn, may lead to interference with trafficking of other essential proteins. However, three of three mutant proteins examined were shown to be efficiently removed by the cellular quality control apparatus. Second, transgenic mice expressing the R142W mutation in the presence of Cx32WT develop a demyelinating neuropathy (15) . Third, the coinjection of mRNA for Cx32(R142W) and wild-type (WT) Cx26 in paired Xenopus oocytes leads to lower levels of Cx26-mediated intercellular communication than in paired oocytes injected with Cx26WT alone or in combination with Cx32WT (16) .
Because open hemichannels in nonjunctional membrane were thought likely to have permeability properties similar to those of the intercellular channels, it was generally assumed that, under physiological conditions, ''unapposed'' hemichannels were closed to prevent metabolic stress and death caused by the collapse of ionic gradients, loss of small metabolites, and influx of Ca 2ϩ (see, for example, ref. 17). However, multiple observations in a diverse set of preparations now support the existence of functional connexin hemichannels . Evidence supporting the existence of functional hemichannels includes: (i) cells are permeable to molecules to which gap junctions are permeable but are not permeable to larger molecules, which would indicate loss of membrane integrity; (ii) gap junction blockers reduce this permeability; (iii) cells not expressing connexins do not show this permeability; and (iv) patch clamp recordings demonstrate single channels with appropriate properties.
In this article, we describe a mechanism, namely opening of hemichannels, by which a mutation in Cx32 may damage cells in which it is expressed and contribute to the pathogenesis of CMTX. We recently demonstrated (13) that connexins containing a Cys instead of a Ser at position 85 (S85C) in the predicted second transmembrane domain of Cx32 form functional cell-cell channels in paired Xenopus oocytes (13) . Here, we show that expression of this CMTX-associated mutant (40) in single oocytes leads to large, relatively nonselective, voltage-dependent currents not seen in oocytes expressing Cx32WT. This finding suggests that in this preparation, the Cx32(S85C) mutant has a Abbreviations: CMTX, X-linked form of Charcot-Marie-Tooth disease; Cx32, connexin 32; Cx32WT, wild-type Cx32; antiCx38, antisense oligonucleotide to connexin 38.
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much greater propensity to form conducting hemichannels than does Cx32WT. The resulting increase in membrane permeability may prevent normal functioning of the Schwann cells and peripheral nerves of patients harboring this mutation.
Methods
Production of Mutants. The Cx32(S85C) mutant was produced by oligonucleotide-directed PCR using the human Cx32 gene (4) as the primer. The PCR product then was cloned into the human gene for Cx32 by using unique flanking restriction sites. Clones were screened by restriction digestion and sequenced by using primers encompassing the entire cloned PCR product and flanking restriction sites.
In Vitro Transcription of RNA for Expression in Oocytes. RNA was transcribed by using the Message-Machine kit with T7 RNA polymerase (Ambion, Austin, TX) according to manufacturer's instructions. RNA was column purified and eluted in nucleasefree H 2 O containing an antisense phosphorothioate oligonucleotide complementary to Cx38 (AntiCx38) at a concentration of 0.3 pmol͞nl. Cx38 is the major endogenous gap junction protein in oocytes; the antisense oligonucleotide that was used blocks all endogenous coupling between paired oocytes within 48-72 h (V.V., unpublished observations). AntiCx38 at a concentration of 0.3 pmol͞nl was included in all injections described in this paper; for clarity, explicit reference to it will be made only when it was injected alone as a control for the mRNA containing injections. RNA quality was evaluated by gel electrophoresis, and concentration was quantitated by absorbance at 260 nm and evaluation of relative intensity on ethidium-stained agarose gels. The RNA then was diluted as needed, divided into aliquots for single use, and stored at Ϫ70°C.
Oocyte Preparation and Injection. Xenopus oocytes were harvested and prepared as described (41) . Cells were allowed to rest 6 h at 18°C in MND96 with Ca 2ϩ (96 mM NaCl͞2 mM KCl͞2 mM MgCl 2 ͞2.5 mM Na-pyruvate͞1.8 mM CaCl 2 ͞5 mM Hepes, pH 7.6) and then injected with 0.1 l of a solution containing 0.06 to 0.35 g͞l of RNA and 0.3 pmol͞nl of antisense oligonucleotide to Cx38 in nuclease-free H 2 O. For experiments to measure conductance, RNA concentration was 0.175 g͞l unless otherwise noted, and measurements of were made between 22 and 28 h after injection.
Oocyte in Vivo Expression and Two-Electrode Voltage Clamping.
Membrane conductance was measured by a two-electrode voltage clamp as described (42) . Unless otherwise specified, the bath solution was MND96 with Ca 2ϩ . For experiments involving changes in bath solution, oocytes were placed in a small volume chamber to ensure that volume exchanges occurred in less than 5 s. Data were collected by using the PCLAMP data acquisition program (Axon Instruments, Foster City, CA) and LABMASTER/ TL-1 software; filtering was at 100 Hz. Current-voltage relations were produced by measuring the peak membrane currents at the end of 20 s positive pulses and subtracting the instantaneous currents seen at the onset of the pulse. Analysis of the data and the conclusions presented here were not affected when data were analyzed without subtracting instantaneous currents.
Western Blot Analysis of Oocytes Protein Extracts. Oocytes (15) (16) (17) (18) (19) (20) injected with mRNA for Cx32WT, Cx32(S85C), or antiCx38 alone were washed twice in PBS, and surface proteins were biotinylated with the membrane-impermeant reagent, sulfosuccinimidyl 2-(biotinamido) ethyl-1,3Јdithiopropionate (sulfo-NHS-SS-biotin; Pierce) for 30 min at 4°C as described (43) . Thirteen intact oocytes then were separated, washed twice in PBS, homogenized on ice in buffer containing 100 mM NaCl, 20 mM Tris⅐HCl, 1% Triton X-100, and 0.25 mg͞ml protease inhibitor mixture P2714 (Sigma) and centrifuged at 13,000 ϫ g at 4°C, after which the pellet was discarded. Plasma membrane biotinylated proteins were isolated by incubating extracts with Neutravidin-linked beads (Pierce) for 2 h at 4°C, followed by centrifugation and extensive washes with PBS. Bound proteins were eluted from beads by incubation with sample buffer containing 100 mM DTT, which cleaves the disulfide bond in the linker between the protein and biotin bound to the beads. Forty microliters of membrane protein solution and 5-20 g of each total protein extract diluted with sample buffer were loaded onto an SDS͞12% polyacrylamide gel, electrophoresed, and transferred to a poly(vinylidene difluoride) membrane by using a semidry electroblot unit. Dye-labeled molecular weight markers were run with each gel as molecular weight standards and to confirm transfer. The membranes then were probed with mouse anti-Cx32 (1:1,000; #C6344, Sigma) in conjunction with the Western Breeze chromogenic detection system (Invitrogen) and air-dried for storage. Because the anti-Cx32 antibody was raised to a peptide containing residues 106-124 from the cytoplasmic loop of the protein, and because residue 85 is in the center of the second predicted transmembrane domain, there should be no difference in the sensitivity of labeling for Cx32WT and Cx32(S85C).
Results
Large, slowly activating outward currents were consistently induced when oocytes injected with mRNA for the Cx32(S85C) mutant were stepped to voltages greater than ϩ10 mV; the currents increased with increasing levels of depolarization (Fig.  1A) . Oocytes injected with mRNA for Cx32WT (Fig. 1B) or with antiCx38 alone (Fig. 1C) showed similar but higher threshold currents that activated only at voltages above ϩ50 mV. The currents produced in the Cx32(S85C)-injected oocytes had a reversal potential of about Ϫ15 mV (data not shown) when MND96 with Ca 2ϩ was the bath solution, suggesting that the mediating conductance was relatively nonselective. Average currents induced by the end of 20-s voltage steps from the holding potential of Ϫ70 mV to values from ϩ10 mV or ϩ20 mV to ϩ100 mV for each set of oocytes are shown in Fig. 2 (Inset shows smaller voltages with an expanded current axis). The induced currents are significantly larger for the Cx32(S85C)-injected oocytes than for the Cx32WT or antiCx38 oocytes. For example, at ϩ30 mV, the Cx32(S85C), Cx32WT, and antiCx38-injected cells showed 430 Ϯ 93 nA, 35 Ϯ 6.0 nA and 9.8 Ϯ 30 nA, respectively, whereas at ϩ70 mV they showed 5.3 Ϯ 1.7 A, 1.3 Ϯ 0.31 A, and 0.73 Ϯ 0.27 A, respectively. The currents seen in the Cx32WT-and AntiCx38-injected oocytes were not significantly different at any voltage examined, although there was a slight trend toward higher currents in the Cx32WT-injected cells. Thus, currents mediated by Cx32WT hemichannels, if present, seem to contribute little to the overall membrane current. We suggest that the large voltage-dependent currents in oocytes expressing Cx32(S85C) are mediated by functional hemichannels formed by the Cx32 mutant. This inference is supported by the effects of acidification and high Ca 2ϩ described in the next paragraph.
Increase in intracellular pH has been shown to close most gap junctions and also to close unapposed gap junction hemichannels (44) . Reduction in conductance is rapidly reversible for short exposures to low pH (44) . The currents produced by the cells expressing the Cx32(S85C) mutant showed this sensitivity to intracellular acidification; Cx32(S85C)-induced currents were reversibly eliminated by short applications of CO 2 -saturated bath solution (Ϸ pH 5.6, Fig. 3A) . Hemichannel currents in oocytes are reduced at elevated Ca ] from 1.8 mM to 200 M (Fig. 3B) and a similar magnitude decrease on increasing bath [Ca 2ϩ ] from 1.8 mM to 5 mM (data not shown). To examine the possibility that the greater amplitude of Cx32(S85C) hemichannel currents were caused by higher surface expression than for Cx32WT, we used Western blotting of surface and total proteins. We evaluated the levels of Cx32(S85C) and Cx32WT protein in oocytes prepared in the same manner as for the electrophysiological measurements. We used an antibody raised against the cytoplasmic loop of Cx32 that would be expected to react to mutant and WT forms equally. The total Cx32 immunoreactivity was between 2-and 4-fold greater in Cx32WT-expressing oocytes than in Cx32(S85C)-expressing oocytes (Fig. 4A) . Furthermore, the amounts of immunoreactive protein in the surface membrane isolated by biotinylation were much higher for oocytes expressing Cx32WT than for those expressing Cx32(S85C) (Fig. 4B) . In fact, the surface-labeled protein containing the S85C mutation was barely detectable. These data indicate that the increased hemichannel currents associated with Cx32(S85C) are caused by increased open probability rather than the insertion of a greater number of hemichannels into the surface membrane. Although we cannot entirely rule out differential solubilization of Cx32WT and Cx32(S85C) during homogenization of the oocytes, it is unlikely that such an effect would account for the differences shown here.
Discussion
In this paper, we describe formation of hemichannels by a mutant Cx32 associated with CMTX disease. Gap junction hemichannel formation has been described for several other connexins that have been studied in Xenopus oocytes, including Cx38 (18, 19) , Cx46 (20) , the chimeric Cx32*43E1 (21, 23), Cx50 Cx32WT ( * ) and Cx32(S85C) (ƒ) are the currents measured at the end of 20-s pulses from ϩ10 to ϩ80. Traces for antiCx38 (s) are in response to 20-s pulses from Ϫ70 mV to voltages ranging from ϩ20 to ϩ80 mV. Activating currents are seen in Cx32(S85C) cells at voltages above ϩ10 mV, whereas both Cx32WT-and AntiCx38-injected cells begin to show outward currents at higher voltages. Although no significant differences between antiCx38-and Cx32WT-injected cells were detected by using the Kruskal-Wallis test with Dunn's post test, the Cx32WT-injected cells did show a trend toward slightly larger outward currents. Each curve is representative of data from at least 19 oocytes (means Ϯ SEM).
(24), and Cx56 (25) . Also, Cx32WT has been reported to produce functional hemichannels in Xenopus oocytes (26) . In the discussion by Castro et al. (26) , they raise the possibility that increased opening of Cx32 hemichannels is a potential pathogenic mechanism for CMTX. The differences between our findings and theirs are difficult to interpret because of the similarity of both the magnitude and shape of the Cx32WT currents shown in that article and the currents seen in our oocytes injected only with antiCx38. The small quantitative difference in levels of membrane current that we observed between Cx32WT-and antiCx38-injected cells could have arisen if Cx32WT forms a functional hemichannel with low efficiency and͞or low open probability; however, in our hands, this difference is much too small to be convincingly attributed to a hemichannel current. Unopposed gap junction hemichannels can also form functional ion channels in a number of different primary cell types including astrocytes (22, 27, 28) , normal rat kidney (29) , toad bladder epithelium (30) , and cardiac myocytes (31, 32) . Hemichannels can open under near-physiological conditions and may play a role in paracrine signaling (33, 34) , propagation of Ca 2ϩ waves (35) , isosmotic volume regulation (36) , and normal retinal functioning (37, 38) . Indeed, there is growing evidence that functional gap junction hemichannels may play a role in both normal functions and in pathologic states.
Expression of the Cx32(S85C) mutant in Xenopus oocytes leads to large hemichannel-mediated voltage-dependent membrane currents not seen in oocytes expressing Cx32WT or in oocytes injected with antiCx38 alone. The currents mediated by Cx32(S85C) hemichannels exhibit a number of properties commonly associated with the hemichannels including slow, voltagedependent gating to the open state and reduction by intracellular acidification or by increase in extracellular Ca 2ϩ concentration. The currents arise in oocytes with reduced surface expression of Cx32(S85C) compared with surface expression of Cx32WT; thus, the increased currents can be ascribed to increases in open probability in response to inside positivity. The increased open probability may be caused by an alteration in the intrinsic voltage sensitivity of the hemichannel, making it more sensitive to depolarization-induced opening; alternatively, the Cx32(S85C) mutation may induce a voltage-independent conformational change that converts the hemichannel to a voltage-activatable state, either rarely or never entered by the WT channel.
Regardless of the mechanism leading to opening of Cx32(S85C) hemichannels, the ability to form functional hemichannels is likely to represent a toxic gain of function, because the presence of open hemichannels in the Schwann cell membrane would likely have detrimental consequences in terms of collapse of ionic gradients, loss of metabolites, and influx of Ca . Although the open probability of a single Cx32(S85C) hemichannel is likely to be very low at the resting potential of a Schwann cell, depolarization of the cell by metabolic stress or Western blot analysis of total protein extracts from 13 pooled oocytes injected with mRNA for Cx32(S85C), mRNA for Cx32WT, or antiCx38 alone. The blot was probed with antibody to Cx32, as described in Methods. As shown, the levels of Cx32 protein in the Cx32(S85C)-injected oocytes are between 1͞2 and 1͞4 that of the Cx32WT-injected oocytes. (B) Western blot analysis of surfacemembrane protein extracts from the same oocytes shown in A [mRNA for Cx32(S85C), mRNA for Cx32WT, or antiCx38 alone]. Membrane proteins were isolated by reacting intact oocytes with the membrane impermeant reagent NHS-S-S-Biotin and recovered with neutravidin-coated beads (see Methods). The amount of protein in the membrane was substantially greater for Cx32WT than for Cx32(S85C).
action potential propagation, when local extracellular K ϩ concentration increases, would increase this open probability. In addition, although the open probability of an individual Cx32(S85C) hemichannel might remain low under the conditions noted above, even a small number of open hemichannels might damage Schwann cells, which have a high-input resistance. The input resistance of cultured Schwann cells in the whole-cell patch-clamp configuration is 3.6 Ϯ 0.72 G⍀ (n ϭ 17) (unpublished observations). Because of shunting around the patchclamp seal, the actual input resistance may be higher. Thus, only a few hemichannels of Ϸ100 pS could cause a substantial leak. Because the opening of hemichannels would likely contribute to membrane depolarization, hemichannel opening may in fact be a regenerative process, although the reversal potential in oocytes is below the level that leads to easily measured increase in hemichannel currents.
A toxic gain of function such as that proposed here for the Cx32(S85C) mutant might lead to an unusually severe form of CMTX. In fact, such a gain of function might be predicted to affect other cells in which Cx32 is expressed, including hepatocytes (46) , pancreatic acinar cells (47) , and oligodendrocytes (2) . Dysfunction of these cells might, in turn, lead to clinically recognizable manifestations. No pathology has been noted in human liver or pancreatic function in patients with CMTX, although there is some alteration of function in Cx32 knockout mice (48) (49) (50) (51) . Unfortunately, this hypothesis cannot be tested because the clinical data on the Cx32(S85C) mutation is limited (there is a paucity of data, contributed to, perhaps, by the severity of the phenotype). There is a need to examine other mutations associated with CMTX for hemichannel formation (in Schwann cells as well as oocytes) and to determine whether there is a correlation between disease severity and hemichannel formation.
